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On the surface of time-reversal-invariant topological superconductors, Kramers pairs of Majorana fermions with chi-
ral and crystalline symmetries exhibit completely uniaxial or octupole anisotropic magnetic response. This paper reports
possible types of magnetic responses of Majorana Kramers pairs with one-dimensional Z2 invariants defined by crys-
talline symmetry. In particular, the general theory predicts a new type of magnetic response where twoMajorana Kramers
pairs associated with the Z2 invariant show biaxially (quadrupolar) anisotropic magnetic response, which is a novel type
of response that is rarely observed in conventional and Majorana fermions.
The Majorana fermion is a long-sought particle that is
its own antiparticle. Some unconventional superconductors
with topological numbers called topological superconductors
(TSCs) host Majorana fermions on their surfaces as gapless
Andreev bound states.1–7) The emergent Majorana fermion
on the surface follows non-Abelian statistics and is com-
pletely stable as long as the superconducting gap remains in
the bulk. These novel properties allow us to apply TSCs to
fault-tolerant topological quantum computation with Majo-
rana fermions.8)
Many classes of 3D TSCs were discovered based on the
concept of symmetry. Time-reversal symmetry (TRS) pro-
tects degenerate gapless states that form a Kramers pair,
which is called a Majorana Kramers pair, on the surface
of 3D time-reversal-invariant TSCs; examples include su-
perconducting states in doped topological insulators9–16) and
Dirac semimetals.17–22) In particular, crystalline symmetries
define a new type of topological crystalline superconduc-
tor (TCSC).23–25) One-dimensional time-reversal-invariant su-
perconductors (class DIII) without crystalline symmetry are
classified by the Z2 topological invariant.
26–28) In addition
to the above Z2 phase, topological phases in the presence
of crystalline symmetry have been thoroughly explored for
reflection,29, 30) all order-2,31) nonsymmorphic,32) and rota-
tional33, 34) symmetries. To study the fundamental nature and
possible applications of these 3D TCSCs, it is necessary to un-
derstand howMajorana fermions on 3D TCSCs respond to an
external field. For instance, a Majorana Kramers pair exhibits
a completely anisotropic (Ising) magnetic response, which is
distinct from the response of conventional (complex) spin-1/2
fermions,35–41) owing to TRS reinforced by crystalline sym-
metries, i.e., magnetic symmetry.31)
Previously,42, 43) we revealed the relation among the
magnetic-dipole and magnetic-octupole responses of a Majo-
rana Kramers pair; magnetic winding number Z, which coin-
cides with the number of Majorana fermions; and irreducible
representation of the superconducting pair potential. By ap-
plying this result, one can easily determine which multipole
magnetic response occurs in a 3D TCSC associated with the
Z invariant. This method, however, is incomplete: it does not
include a Majorana Kramers pair associated with Z2 topologi-
cal invariants protected by crystalline symmetry. Recent stud-
ies have reported results useful for determining the topologi-
cal invariants of 3D TCSCs from the symmetry indicators in
the normal state.44–48) In the present paper, we extend these
studies by systematically elucidating the magnetic response
of Majorana Kramers pairs with one-dimensional invariants
ν[U] ∈ Z2 protected by an order-2 symmorphic or nonsym-
morphic symmetry U. In the symmorphic case, an energy gap
occurs in the Majorana Kramers pair when an applied mag-
netic field breaks the symmetry U. Surprisingly, two Majo-
rana Kramers pairs protected by nonsymmorphic symmetry
show a highly anisotropic magnetic response, which is ex-
pressed by a quadrupolar-shaped energy gap depending on the
magnetic field.
Effective theory for Majorana Kramers pairs on a sur-
face of 3D TSCs. We discuss the magnetic responses of Ma-
jorana Kramers pairs by an effective theory for them on a sur-
face of 3D TSCs. In general, Z2 topological invariants cor-
respond to the parity of Majorana Kramers pairs thus there
cannot exist two or more pairs stably. However, if the sys-
tem has a glide plane, there possibly exist two Majorana
Kramers pairs.32, 49) Therefore, we firstly reveal the depen-
dence of the magnetic responses of Majorana Kramers pairs
on the number of pairs. N Majorana Kramers pairs are de-
scribed by Majorana operators γ1, · · · , γ2N satisfying γ
†
i
= γi
and {γi, γ j} = 2δi j. γ2n−1 and γ2n form a Majorana Kramers
pair on a surface of 3D TSCs. The time reversals are given by
γ2n−1 → γ2n and γ2n → −γ2n−1. Then, we obtain the coupling
between an external field and N Majorana Kramers pairs on
the surface by antisymmetric matrices as
J =
i
2
γ
TAγ, AT = −A, A∗ = −A. (1)
A single Majorana Kramers pair γ = (γ1, γ2)
T hosts only
one operator A = sy, where si (i = 0, x, y, z) denotes the ith
Pauli matrix. The operator J is time-reversal-odd (magnetic)
and coupled to a magnetic field B. Thus, the Hamiltonian
for a single Majorana Kramers pair under a magnetic field B
has the form HMF = f (B)sy and the gapped energy spectrum
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EM = f (B), where f (B) is an analytic odd function:
50)
f (B) =
∑
i
ρiBi +
∑
i, j,k
ρi jkBiB jBk + O
(
B5
)
. (2)
Here, the coefficients ρi and ρi jk depend on the system param-
eters.
Two Majorana Kramers pairs, on the other hand, can form
four magnetic (A1, A2, A3, and A4) and two electric (B1 and
B2) operators. They are represented by A1 = syτ0, A2 = syτz,
A3 = s0τy, A4 = syτx, B1 = szτy, and B2 = sxτy in the basis
of (γ1, γ2, γ3, γ4), where si acts within a Majorana Kramers
pair so that time reversal is given by A → ΘAΘ−1 with
Θ = isyK . The effective Hamiltonian is given by HMF =∑4
i=1 Ai fi(B) +
∑2
i=1 Bigi(B), where fi(B) is an analytic odd
function that has the same form as Eq. (2) and gi(B) is an an-
alytic even function of magnetic fields. By diagonalizing the
above matrix, the energy gap is obtained as
EM =
√
f 2
1
+ f 2
3
+ f 2
4
−
√
f 2
2
+ g2
1
+ g2
2
∼
√∑
i j
ρi jBiB j −
√∑
i j
ρ′
i j
BiB j. (3)
Consequently, two Majorana Kramers pairs vanish on apply-
ing a magnetic field along any direction. However, the in-
duced gap shows a highly anisotropic magnetic response, as
demonstrated later.
Magnetic responses of Majorana Kramers pairs on a sur-
face of 3D TCSCs are constrained by crystalline symmetry
in addition to the number of Majorana Kramers pairs dis-
cussed above. In the following, we construct a general the-
ory for crystalline Z2 topological phase and discuss the ef-
fects of crystalline symmetry on magnetic responses. Then,
we show that various anisotropic magnetic responses such as
dipole and quadrupole are realized thanks to crystalline sym-
metry.
Crystalline Z2 topological phase and magnetic response.
In this paper, we focus on Majorana Kramers pairs on a sur-
face of 3D TSCs. Note that, as will be shown later, Majorana
Kramers pairs protected by crystalline symmetry are charac-
terized by a topological number defined in a one-dimensional
subspace. Hence, the following discussions can be applied to
two-dimensional and one-dimensional systems and nodal su-
perconductors. The crystalline symmetry protectingMajorana
Kramers pairs which appear on a surface of 3D TCSCs is de-
fined below. First of all, we introduce the Hamiltonian and
symmetry operation, followingwhich we classify the possible
magnetic responses ofMajoranaKramers pairs on 3DTCSCs.
The BdG Hamiltonian for time-reversal-invariant three-
dimensional superconductors has the form
H(k) =
(
h(k) − µ ∆(k)
∆(k) −h(k) + µ
)
=
[
h(k) − µ
]
τz + ∆(k)τx,
(4)
in the basis of (ck↑, ck↓, c
†
−k↓
,−c
†
−k↑
), where ↑ and ↓ denote the
up and down spins, respectively, and the indices for the orbital
and sublattice degrees of freedom are implicit. The Hamil-
tonian satisfies TRS, which is expressed as ΘH(k)Θ−1 =
H(−k); particle–hole C symmetry (PHS), expressed as
CH(k)C−1 = −H(−k), C = τyΘ; and chiral Γ symmetry,
expressed as {Γ, H(k)} = 0, Γ = ΘC = τy. When the sys-
tem is invariant against a symmetry operation g = {Rg|τg} of a
space group, which consists of a rotation/screw axis or reflec-
tion/glide plane Rg followed by the translation τg, the Hamil-
tonian h(k) in the normal state satisfies D
†
k
(g)h(k)Dk(g) =
h(gk), where Dk(g) is the representation matrix of g and the
momentum k is transformed to gk. The pair potential ∆(k),
on the other hand, satisfies D
†
k
(g)∆(k)Dk(g) = χ(g)∆(gk),
where χ(g) is the character of g for the one-dimensional rep-
resentation of the pair potential.51) Then, the BdG Hamilto-
nian is invariant, D˜
†
k
(g)H(k)D˜k(g) = H(gk), for D˜k(g) =
diag[Dk(g), χ(g)Dk(g)]. The particle–hole and chiral transfor-
mations of the representation matrices depend on the charac-
ter:
D˜
†
−k
(g)CD˜k(g) = χ(g)C, (5)
D˜
†
k
(g)ΓD˜k(g) = χ(g)Γ, (6)
where we use ΘD˜k(g)Θ
−1 = D˜−k(g).
The square of the representation matrix is given by
D2
k
(g) = −e−ik·(Rgτg+τg) (7)
and classified into D2
k
(g) = −1 and 1 for time-reversal-
invariant momenta (TRIMs). D2
k
(g) = −1 holds when g repre-
sents twofold rotation and reflection. The twofold screw axis
and glide plane also satisfy D2
k
(g) = −1 for k ·2τg = 0. On the
one hand, D2
k
(g) = 1 holds when g represents the screw axis
and glide plane on the zone boundary with k ·2τg = π because
τg can be a half translation vector. We call D
2
k
(g) = −1 and 1
symmorphic and nonsymmorphic symmetry, respectively.
Symmetry that preserves the surface, which is referred to
as surface symmetry, can protect Majorana Kramers pairs. To
formulate the surface symmetry, we denote the momentum
by (k⊥, k‖), which are components perpendicular and paral-
lel to the surface, respectively. Next, k‖ is fixed to a TRIM,
where Majorana Kramers pairs can appear with zero energy,
and omitted. The surface symmetry U satisfies
[Dk⊥(U), h(k⊥)] = 0. (8)
The symmetry can divide the BdG Hamiltonian H into parts
in the eigenspaces of D˜k⊥ (U) as H = H+ ⊕H−, where the sub-
script ± denotes the eigenvalue of D˜k⊥ (U). Majorana fermions
in H+ and H− do not hybridizewith each other. In other words,
they are protected by the symmetry U. Note that the represen-
tation matrix Dk⊥ (U) must be independent of k⊥ in order to
protect Majorana Kramers pairs, i.e., U is the reflection per-
pendicular, glide plane consisting of the reflection perpendic-
ular and translation parallel, or twofold rotation perpendicular
to the surface. Hereafter, the subscript k⊥ is omitted.
Next, we derive a condition on the representation matrix
and character to protect the Z2 topological phase with Majo-
rana Kramers pairs and relate it to the magnetic responses.
According to Eq. (5), H± has particle–hole symmetry for
χ(U) = D2(U) = ±1 because the eigenvalues of D˜(U) are
±1 and ±i for D2(U) = 1 and −1, respectively. The magnetic
responses are classified into three types, (A)–(C), as summa-
rized in Table I, which is the main result of this paper.
Type (A). For χ(U) = −1 and D2(U) = −1, H± breaks TRS
(class D). A single Majorana Kramers pair in H = H+ ⊕ H−
is divided into Majorana fermions in H+ and H−, which are
2
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Table I. Three types, (A)–(C), of magnetic responses of Majorana Kramers pairs. The square of the representation matrix D2(U) and character χ(U)
of symmetry operation U , which protects Majorana Kramers pairs; symmetry class (Class) and one-dimensional topological invariant (Topo); number of
Majorana Kramers pairs (#MKP); and the energy spectrum EM(B) under a magnetic field B are shown. n denotes the direction perpendicular to the mirror
plane when U is a reflection/glide plane or the direction parallel to the rotational axis when U is a twofold rotation.
Type k‖ · 2τg D
2(U) χ(U) Class Topo #MKP EM(B)
A 0 −1 −1 D Z2 1
∑
i ρiBi +
∑
i jk ρi jk BiB jBk with EM(Bn) = 0
B π 1 1 DIII Z2 ⊕ Z2 1 ∝ n · B
C π 1 1 DIII Z2 ⊕ Z2 2
√∑
i j ρi jBiB j −
√∑
i j ρ
′
i j
BiB j
associated with the Z2 invariant:
ν±[U] =
∫ π
−π
dk⊥
π
a±(k⊥) mod 2, (9)
a±(k⊥) = −i
∑
n∈occ
〈k⊥n±|∂k⊥ |k⊥n±〉 , (10)
where the summation is taken over all occupied states and
H±(k⊥) |k⊥n±〉 = En±(k⊥) |k⊥n±〉. Because H+ and H− are
switched by time reversal, ν[U] := ν+[U] = ν−[U] holds.
A magnetic field along n is perpendicular to the mirror when
U is a reflection/glide plane or is parallel to the rotational axis
when U is a twofold rotation because the applied magnetic
field Bn keeps the symmetry U. Then, the Z2-invariant ν[U]
remains well-defined under the magnetic field Bn and has the
same value as that under zero field. Therefore, we find that
the energy gap EM is expressed by Eq. (2) as EM = f (B),
satisfying f (Bn) = 0.
For χ(U) = 1 and D2(U) = 1, on the other hand, H±
respects TRS (class DIII) and can have a single Majorana
Kramers pair, which is associated with
ν±[U] =
∫ π
−π
dk⊥
2π
a±(k⊥) mod 2, (11)
with the gauge fixed toΘ |k⊥2n − 1±〉 = |−k⊥2n±〉. The whole
system can be classified into types (B) and (C) as follows.
Type (B). This type corresponds to a single Majorana
Kramers pair with (ν+[U], ν−[U]) = (1, 0) or (0, 1), which
is protected by the nonsymmorphic symmetry U for χ(U) =
D2(U) = 1. In reality, it is protected by the magnetic glide-
plane symmetry Θ[U] = D˜(U)Θ with Θ2[U] = −1, which is
regarded as TRS in the whole system with H = H+ ⊕ H−. An
energy gap occurs when the direction n is perpendicular to the
glide plane because the applied magnetic field Bn breaks the
magnetic glide-plane symmetry. The resulting energy gap is
proportional to EM ∝ n · B.
Type (C). This type corresponds to two Majorana Kramers
pairs with (ν+[U], ν−[U]) = (1, 1), which is protected by the
nonsymmorphic symmetry U for χ(U) = D2(U) = 1. The
energy gap of the Majorana Kramers pairs is given by Eq. (3).
Model Hamiltonian and numerical results. We finally
verify the type (C) by examining a toy model on a layered 2D
lattice which has two sublattices with the space group Pmma
(No. 51) including a glide plane U on the (xz) surface,52) as
shown in Fig. 1. The B3u pairing, which is equivalent to px-
wave pairing, satisfies χ(U) = D2(U) = +1 at kx = π and
then the magnetic response possibly is of type (C). Hence, we
focus on the B3u pairing for kx = π.
Here, we set the lattice constants as 1. The normal part h(k)
Fig. 1. (a) Top and (b) side views of the lattice structure of the toy model.
a represents the primitive translational vector along the x axis. There exist
two sublattices denoted by A (closed circles) and B (open circles). The (xy)
plane (the dashed green line) is the glide plane.
Table II. Parameters of the numerical model.
m0 t1 t2 t3 λ1 λ2 ∆ ∆
′ |B|
2.0 0.5 −3.5 0.5 0.7 −0.5 1.2 0.6 0.1
of the BdG Hamiltonian is
h(k) = c(k)σ0s0 + t3 cos(kx/2)σ1(kx)s0
+ (λ1sx sin ky + λ2sy sin kx)σ3, (12)
c(k) = m0 + t1 cos kx + t2 cos ky, (13)
and the pair potential ∆(k) for the B3u pairing is
∆(k) = ∆σ0sz sin ky + ∆
′σ2(kx)sx sin(kx/2) sin ky, (14)
where s and σ denote the Pauli matrices representing the spin
and layer degrees of freedom (A and B), respectively. Here,
we introduce the modified Pauli matrices
σ1(kx) =
(
0 eikx/2
e−ikx/2 0
)
, σ2(kx) =
(
0 −ieikx/2
ie−ikx/2 0
)
,
(15)
and σ3 = diag(1,−1). When the pair potential is smaller than
spin-orbit coupling, i.e., λ2
1
> ∆2 + ∆′2, nodes exist at kx = π.
Hereafter, we assume the gapped case λ2
1
< ∆2 + ∆′2, where
MajoranaKramers pairs appear. The band structure of the nor-
mal state h(k) is shown in Fig. 2. The parameters are set to
those listed in Table II. All the bands are twofold degenerate
at any momentum owing to inversion and time-reversal sym-
metries. Particularly, the bands are fourfold degenerate at the
X and S points because of those symmetries and the glide-
plane symmetry.
The Hamiltonian with the (xz) surfaces has the form
H(kx) =
Ny∑
n=1
c†n(kx)ǫ(kx)cn(kx)
3
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Fig. 2. Energy dispersion (left) and Fermi surface (right) of the normal
state h(k).
+
Ny−1∑
n=1
[
c†n(kx)ty(kx)cn+1(kx) + h.c.
]
, (16)
where Ny denotes the number of sites along the y direc-
tion. The Fermi energy is set to 0. The system has four
Fermi surfaces between the X and S points. The onsite
energy ǫ(kx) and hopping ty(kx) are defined by ǫ(kx) =
(m0+t1 cos kx)σ0s0τz+t3 cos(kx/2)σ1(kx)s0τz+λ2 sin kxσ3syτz
and ty(kx) = (t2/2)σ0s0τz − i(λ1/2)σ3sxτz − i(∆/2)σ0szτx −
i(∆′/2) sin(kx/2)σ2(kx)sxτx, respectively.
A magnetic field induces the Zeeman term
HZ(kx) =
Ny∑
n=1
c†n(kx)B · sσ0τ0cn(kx). (17)
The energy spectrum of H(kx) + HZ(kx) is shown in Fig. 3.
Without a magnetic field, i.e., with |B| = 0 [Fig. 3(a)], the
superconducting gap in the bulk is of the order of ∼ 1.4. At
kx = π, two Majorana Kramers pairs exist with zero energy on
the (xz) surface. Figure 3(b) shows a polar plot of the energy
gap EM(B) with |B| = 0.1.Magnetic fields along any direction
destroy the twoMajorana Kramers pairs and yield a gap of the
order of ∼ 0.12 at maximum. Here, we confirm that Fig. 3(b),
which is the magnetic response of type (C), can be reproduced
by Eq. (3);
EM(B) =
√
ρxxB2x + ρyyB
2
y + ρzzB
2
z −
√
ρ′zzB
2
z , (18)
where the coefficients are ρxx = 0.197, ρyy = 0.268, ρzz =
0.10, ρ′zz = 0.709 and all other coefficients are 0. Figure 4
shows a polar plot of the function Eq. (18) with |B| = 0.1. By
comparing Figs. 3(b) and 4, one can find that they have almost
the same shape. In conclusion, we verify that the magnetic re-
sponse of type (C) appear on the (xz) surface of a layered 2D
lattice with the space group Pmma when the pair potential is
B3u pairing, i.e., the energy gap EM(B) mimics the anisotropy
of a quadrupole which is allowed within Eq. (3). This behav-
ior is entirely different from those of other Majorana and com-
plex fermions.
Discussion. We found three types of the magnetic re-
sponses in Majorana Kramers pairs with the Z2 invariants,
which depend on the surface symmetry and the number
of Majorana Kramers pairs. In type (A), i.e., the symmor-
phic case, there exists only a single Majorana Kramers pair,
in which an external magnetic field creates a uniaxially
anisotropic gap. On the other hand, in types (B) and (C), the
case of nonsymmorphic symmetry, the magnetic response de-
pends on the number of Majorana Kramers pairs: (B) a sin-
gle Majorana Kramers pair behaves as an Ising spin, which
is the same as the response associated with the Z invariant.
(b)(a)
Fig. 3. (a) Energy spectrum of Eq. (16) without a magnetic field. Two Ma-
jorana Kramers pairs are located at kx = π. They are gapped by an external
magnetic field. (b) The polar plot of the energy gap |EM | of H + HZ as a
function of B with |B| = 0.1.
Fig. 4. The polar plot of the function Eq. (18) with |B| = 0.1. The shape is
almost the same as Fig. 3(b).
(C) two Majorana Kramers pairs show a biaxially (quadrupo-
lar) anisotropic magnetic response, which is a novel type
of response rarely observed in conventional and Majorana
fermions.
This prediction was verified in a bilayer model with a
glide plane (Pmma). In fact, our result can be applied to
materials with any nonsymmorphic space group,53) such as
UCoGe, which has the crystalline symmetry of the space
group Pnma.54) Previous studies have strongly suggested that
this material is a ferromagnetic superconductor at ambient
pressure55, 56) and a time-reversal-invariant one at high pres-
sure.57–62) A theoretical study49) reported that, based on an ex-
perimental result,63) the ferromagnetic superconducting state
has Au symmetry of C2h and the state can deform into either
Au or B1u symmetry of D2h at high pressure. The B1u-pairing
(glide-even χ(Gn) = 1) state hosts two Majorana Kramers
pairs on the (01¯1) surface, while the Au-pairing (glide-odd
χ(Gn) = −1) hosts no Majorana Kramers pair because the sur-
face has only Gn symmetry satisfying D
2
(kx ,π,π)
(Gn) = χ(Gn) =
1 for the B1u pairing. Thus, the magnetic response of Majo-
rana Kramers pairs on UCoGe is predicted to be of type (C).
The gap induced in the Majorana Kramers pairs may be ob-
served through surface tunneling spectroscopy under a mag-
netic field or with a magnet attached.64–69)
C3, C4, and C6 symmetries,
34) which are beyond the scope
of this paper, might realize new types of magnetic responses.
The discussions in this paper suggest that multiple Majorana
Kramers pairs can be active against electric perturbations.
Therefore, we also need to clarify the Z and Z2 topologi-
cal invariants and the electric responses of multiple Majorana
Kramers pairs. These issues will be addressed in a future pa-
per.
Acknowledgments This work was supported by Grants-in-Aid for Sci-
entific Research on Innovative Areas “Topological Material Science” (Grant
No. JP18H04224) from JSPS of Japan. S. K. was supported by JSPS KAK-
4
J. Phys. Soc. Jpn. LETTERS
ENHI Grants No. JP19K14612 and by the CREST project (JPMJCR16F2)
from Japan Science and Technology Agency (JST).
1) C.-R. Hu: Phys. Rev. Lett. 72 (1994) 1526.
2) S. Kashiwaya and Y. Tanaka: Rep. Prog. Phys. 63 (2000) 1641.
3) M. Z. Hasan and C. L. Kane: Rev. Mod. Phys. 82 (2010) 3045.
4) X.-L. Qi and S.-C. Zhang: Rev. Mod. Phys. 83 (2011) 1057.
5) Y. Tanaka, M. Sato, and N. Nagaosa: J. Phys. Soc. Jpn. 83 (2012)
011013.
6) M. Sato and Y. Ando: Rep. Prog. Phys. 80 (2017) 076501.
7) A. Haim and Y. Oreg: Phys. Rep. 825 (2019) 1.
8) C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S. D. Sarma: Rev.
Mod. Phys. 80 (2008) 1083.
9) Y. S. Hor, A. J. Williams, J. G. Checkelsky, P. Roushan, J. Seo, Q. Xu,
H. Zandbergen, A. Yazdani, N. P. Ong, and R. J. Cava: Phys. Rev. Lett.
104 (2010) 057001.
10) L. Fu and E. Berg: Phys. Rev. Lett. 105 (2010) 097001.
11) S. Sasaki, M. Kriener, K. Segawa, K. Yada, Y. Tanaka, M. Sato, and
Y. Ando: Phys. Rev. Lett. 107 (2011) 217001.
12) S. Sasaki, Z. Ren, A. A. Taskin, K. Segawa, L. Fu, and Y. Ando: Phys.
Rev. Lett. 109 (2012) 217004.
13) T. Hashimoto, K. Yada, M. Sato, and Y. Tanaka: Phys. Rev. B 92 (2015)
174527.
14) L. Fu: Phys. Rev. B 90 (2014) 100509.
15) K. Matano, M. Kriener, K. Segawa, Y. Ando, and G. qing. Zheng: Na-
ture Physics 12 (2016) 852.
16) S. Yonezawa, K. Tajiri, S. Nakata, Y. Nagai, Z. Wang, K. Segawa,
Y. Ando, and Y. Maeno: Nature Physics 13 (2017) 123.
17) L. Aggarwal, A. Gaurav, G. S. Thakur, Z. Haque, A. K. Ganguli, and
G. Sheet: Nature Materials 15 (2016) 32.
18) H. Wang, H. Wang, H. Liu, H. Lu, W. Yang, S. Jia, X.-J. Liu, X. C. Xie,
J. Wei, and J. Wang: Nature Materials 15 (2016) 38.
19) S. Kobayashi and M. Sato: Phys. Rev. Lett. 115 (2015) 187001.
20) T. Hashimoto, S. Kobayashi, Y. Tanaka, and M. Sato: Phys. Rev. B 94
(2016) 014510.
21) M. Oudah, A. Ikeda, J. N. Hausmann, S. Yonezawa, T. Fukumoto,
S. Kobayashi, M. Sato, and Y. Maeno: Nature Communications 7
(2016) 13617.
22) T. Kawakami, T. Okamura, S. Kobayashi, and M. Sato: Phys. Rev. X 8
(2018) 041026.
23) Y. Ueno, A. Yamakage, Y. Tanaka, and M. Sato: Phys. Rev. Lett. 111
(2013) 087002.
24) J. C. Teo and T. L. Hughes: Phys. Rev. Lett. 111 (2013) 047006.
25) F. Zhang, C. L. Kane, and E. J. Mele: Phys. Rev. Lett. 111 (2013)
056403.
26) A. P. Schnyder, S. Ryu, A. Furusaki, and A. W. W. Ludwig: Phys. Rev.
B 78 (2008) 195125.
27) A. Kitaev: AIP Conf. Proc. 1134 (2009) 22.
28) S. Ryu, A. P. Schnyder, A. Furusaki, and A. W. W. Ludwig: New J.
Phys. 12 (2010) 065010.
29) C.-K. Chiu, H. Yao, and S. Ryu: Phys. Rev. B 88 (2013) 075142.
30) T. Morimoto and A. Furusaki: Phys. Rev. B 88 (2013) 125129.
31) K. Shiozaki and M. Sato: Phys. Rev. B 90 (2014) 165114.
32) K. Shiozaki, M. Sato, and K. Gomi: Phys. Rev. B 93 (2016) 195413.
33) W. A.Benalcazar, J. C. Y. Teo, and T. L.Hughes: Phys. Rev. B 89 (2014)
224503.
34) C. Fang, B. A. Bernevig, and M. J. Gilbert: arxiv:1701.01944 (2018).
35) M. Sato and S. Fujimoto: Phys. Rev. B 79 (2009) 094504.
36) S. B. Chung and S.-C. Zhang: Phys. Rev. Lett. 103 (2009) 235301.
37) Y. Nagato, S. Higashitani, and K. Nagai: J. Phys. Soc. Jpn. 78 (2009)
123603.
38) R. Shindou, A. Furusaki, and N. Nagaosa: Phys. Rev. B 82 (2010)
180505.
39) T. Mizushima, M. Sato, and K. Machida: Phys. Rev. Lett. 109 (2012)
165301.
40) Y. Tsutsumi, M. Ishikawa, T. Kawakami, T. Mizushima, M. Sato,
M. Ichioka, and K. Machida: J. Phys. Soc. Jpn. 82 (2013) 113707.
41) T. Mizushima, Y. Tsutsumi, T. Kawakami, M. Sato, M. Ichioka, and
K. Machida: J. Phys. Soc. Jpn. 85 (2016) 022001.
42) Y. Xiong, A. Yamakage, S. Kobayashi, M. Sato, and Y. Tanaka: Crystals
7 (2017) 58.
43) S. Kobayashi, A. Yamakage, Y. Tanaka, and M. Sato: Phys. Rev. Lett.
123 (2019) 097002.
44) S. Ono and H. Watanabe: Phys. Rev. B 98 (2018) 115150.
45) A. Skurativska, T. Neupert, and M. H. Fischer: arXiv:1906.11267
(2019).
46) S. Ono, Y. Yanase, and H. Watanabe: Phys. Rev. Research 1 (2019)
013012.
47) S. Ono, H. C. Po, and H. Watanabe: arXiv:1909.09634 (2019).
48) M. Geier, P. W. Brouwer, and L. Trifunovic: arXiv:1910.11271 (2019).
49) A. Daido, T. Yoshida, and Y. Yanase: Phys. Rev. Lett. 122 (2019)
227001.
50) E. Dumitrescu, J. D. Sau, and S. Tewari: Phys. Rev. B 90 (2014) 245438.
51) A multidimensional irreducible representation is regarded as one-
dimensional irreducible representations of the subgroup.
52) Q.-Z. Wang and C.-X. Liu: Phys. Rev. B 93 (2016) 020505.
53) Y. Yamazaki, S. Kobayashi, and A. Yamakage, in preparation.
54) F. Canepa, P. Manfrinetti, M. Pani, and A. Palenzona: J. Alloys Compd.
234 (1996) 225 .
55) N. T. Huy, A. Gasparini, D. E. de Nijs, Y. Huang, J. C. P. Klaasse,
T. Gortenmulder, A. de Visser, A. Hamann, T. Go¨rlach, and H. v.
Lo¨hneysen: Phys. Rev. Lett. 99 (2007) 067006.
56) D. Aoki and J. Flouquet: J. Phys. Soc. Jpn. 83 (2014) 061011.
57) E. Hassinger, D. Aoki, G. Knebel, and J. Flouquet: J. Phys. Soc. Jpn. 77
(2008) 073703.
58) E. Slooten, T. Naka, A. Gasparini, Y. K. Huang, and A. de Visser: Phys.
Rev. Lett. 103 (2009) 097003.
59) G. Bastien, D. Braithwaite, D. Aoki, G. Knebel, and J. Flouquet: Phys.
Rev. B 94 (2016) 125110.
60) M. Manago, S. Kitagawa, K. Ishida, K. Deguchi, N. K. Sato, and T. Ya-
mamura: Phys. Rev. B 99 (2019) 020506.
61) A. K. C. Cheung and S. Raghu: Phys. Rev. B 93 (2016) 134516.
62) V. P. Mineev: Phys. Rev. B 95 (2017) 104501.
63) T. Hattori, Y. Ihara, Y. Nakai, K. Ishida, Y. Tada, S. Fujimoto,
N. Kawakami, E. Osaki, K. Deguchi, N. K. Sato, and I. Satoh: Phys.
Rev. Lett. 108 (2012) 066403.
64) Y. Tanaka and S. Kashiwaya: Phys. Rev. Lett. 74 (1995) 3451.
65) M. Fogelstro¨m, D. Rainer, and J. A. Sauls: Phys. Rev. Lett. 79 (1997)
281.
66) Y. Tanaka, Y. Tanuma, K. Kuroki, and S. Kashiwaya: J. Phys. Soc. Jpn.
71 (2002) 2102.
67) Y. Tanuma, K. Kuroki, Y. Tanaka, R. Arita, S. Kashiwaya, and H. Aoki:
Phys. Rev. B 66 (2002) 094507.
68) Y. Tanaka, T. Yokoyama, A. V. Balatsky, and N. Nagaosa: Phys. Rev. B
79 (2009) 060505.
69) S. Tamura, S. Kobayashi, L. Bo, and Y. Tanaka: Phys. Rev. B 95 (2017)
104511.
5
